Ultrasonic testing is a non-destructive approach commonly used to evaluate concrete structures. A challenge with concrete is that it is heterogeneous, which causes multiple wave scattering resulting in longer and more complex wave paths. The recorded ultrasonic waveform can be divided into two portions: the coherent (or early) and the diffuse (or Coda) portion. While conventional methods only use the coherent portion, e.g. the first wave arrival to determine the wave velocity, we are interested in the entire waveform, i.e. until the wave amplitude is completely dampened out. The objective of this study was to determine what portion of the signal is most sensitive to applied stress and the associated formation and propagation of cracks. For this purpose, the squared Pearson correlation coefficient, R 2 was used, which provides a measure for the strength of the linear relationship (or similarity) between a reference waveform under no stress and a waveform recorded at a certain level of applied stress. Additionally, a signal energy-based filter was developed and used to detect signals that captured acoustic emissions generated during the loading process. The experimental work for this study consisted of an active monitoring approach by employing a pitch-catch setup with two ultrasonic transducers, one transmitter and one receiver, that were attached to Ø 152 x 305 mm concrete cylinder specimens, which were loaded monotonically to failure. Our results show that applied stress correlates well with the R 2 with remarkable sensitivity to small applied stresses. Also, the relationship between R 2 and applied stress is linear for an applied stress that is less than 50% of the ultimate stress.
INTRODUCTION
Concrete is the most widely construction material worldwide. In addition, increasing demand exists for ways to monitor the performance of concrete structures [1] . A number of methods have been developed to evaluate solid materials over the past 30 years [2] and one of them is ultrasonic testing. As concrete is made of aggregates of different sizes, cement, and water, it is a complex heterogeneous material [2] . Therefore, when an ultrasonic wave propagates through concrete, it experiences multiple scattering, which makes the propagation paths longer and more complex [3] . The recorded ultrasonic waveform can be divided into two portions: the early portion of the signal, which is referred to as the coherent portion, and the later portion, which is referred to as the diffuse portion or Coda wave [4] .
Acoustoelastic theory describes the effect of applied stresses on wave propagation introducing third-order elastic constants [5] . This theory establishes a relationship between the change in an applied stress and the resulting change in velocity of a propagating stress wave. Velocity is typically calculated from the time of flight (TOF) determined from the early, or coherent portion of a recorded waveform. The acoustoelastic behavior is caused by the nonlinearity of the stress-strain relationship of the material, which occurs as a result of nonlinear interactions at the atomic scale [6] . In some materials like concrete, the changing in wave velocity cannot be detected reliably in the coherent portion, therefore, researchers have employed an approach used in geophysics, which is called coda wave interferometry (CWI) [7] . Using this approach, the change in velocity is determined from time shifting that occurs across the entire length of a recorded waveform. This shift in time is calculated for a small time window over which it is assumed constant [8] .
The correlation coefficient is a measure for the strength of the linear relationship between two variables, and its use to compare ultrasonic signals from concrete was proposed in [9] . In this study, the squared linear correlation coefficient, R 2 was used to compare and interpret the recorded ultrasonic waveforms. This approach was used to compare the entire length of the recorded waveforms (i.e., containing both the coherent and Coda portions) taken under different levels of applied stress.
EXPERIMENTAL SETUP
Since this research focuses on ultrasonic wave behavior in concrete, in this experiment plain concrete was used in order to exclude the effects of steel reinforcing. Four concrete cylinders with identical dimensions of Ø 152 x 305 mm were cast and tested. Two of these specimens were taken from the same concrete mixture. The two mixtures used the same maximum size of coarse aggregate (16 mm) but there was a slight difference in their mix proportions. After casting the concrete in their molds, the curing period before testing was 28 days for three specimens and 21 days for the fourth one.
A programmable 1112-kN-capacity hydraulic concrete cylinder compression testing machine (Manufacturer: Forney LP) was used to apply a monotonically increasing load on the cylinder specimens. The loading rate was set at 0.156 kN/s and the specimens were loaded up to failure. Throughout the loading process, an ultrasonic pulse was transmitted and recorded by two identical ultrasonic normal-wave transducers (Model: Panametrics V103). These transducers were placed at the mid-height of the specimens, as shown in Fig. 1 . One of the transducers (transmitter) was used to send a 100 kHz Morlettype pulse generated by an arbitrary waveform generator (Manufacturer: BK Precision). The output voltage of the waveform generator of 20 Vpp was sufficient to produce measurable stress waves. The pulse repetition frequency (PRF) was 31.74 Hz, which allowed for high-resolution measurements. This is the same as the sampling frequency used by the compression testing machine to sample the applied load. The other transducer (receiver) was used to record the ultrasonic waves resulting from the pulse. Since the received signals are small, a preamplifier (Model: Olympus 5660B) was used for amplification. Data acquisition was performed with a high-speed transient recorder (Model: Elsys TraNET 204s) at a sampling frequency of 10 MHz with low-pass anti-aliasing filters set to 500 kHz. A threshold was defined to trigger the recorder to sample for a duration of 3.2 ms. Fig. 1 shows an illustration of the experimental setup. 2 shows samples of both the transmitted pulse as well as two waveforms, which were recorded at two different levels of applied stress. As expected, the recorded waveforms were found to be relatively complex compared to the transmitted pulse; they were not only much longer but also consisted both of a coherent and a diffuse portion, as discussed earlier. As can further be observed, the coherent portions of the two recorded waveforms do not differ noticeably from each other. However, the diffuse portions exhibit differences in signal amplitude as well as in phase. 
DATA ANALYSIS

Correlation Coefficient
A number of potential descriptors exist that could be used to define the similarity (or difference) between two waveforms. The correlation coefficient, also known as Pearson correlation coefficient, is used in linear regression and represents a measure for the strength of the relationship between two random variables [10] . It is calculated according to Eq. 1:
where Y 0 is the reference waveform recorded at zero stress and Y i is a waveform recorded at certain level of applied stress i. σ Y0 and σ Yi are the standard deviations of Y 0 and Y i , respectively. The coefficient of variation, COV is the covariance between the two waveforms and can be calculated from Eq. 2:
where μ and μ are the mean of each waveform. The Pearson correlation coefficient varies from -1 to 1. The sign and the value of the correlation coefficient refer to the direction and the strength of the relationship between the waveforms, respectively. A correlation coefficient of -1 or 1 indicates that the waveforms are perfectly correlated, i.e. are identical. Additionally, a correlation coefficient of 0 indicates that there is no statistical relationship between the waveforms, i.e. that the waveforms have no similarity.
In this study, the squared correlation coefficient was used, which is also referred to as the coefficient of determination, R 2 :
Acoustic Emission Filter
Acoustic emissions (AE) are stress waves generated in a solid material due to a sudden spontaneous strain release. In plain concrete, this strain release can be a result of micro and macro cracking. The generated stress waves travel from the source origin away to the surface of the solid where they can be detected with ultrasonic sensors [11] . During loading of the concrete cylinder specimens, AE occurred and appeared in the recorded waveforms, which significantly affected the correlation coefficient. Fig. 3 shows two consecutively recorded waveforms where one of them captured an AE and the other one did not. Since we transmitted pulses relatively frequently, it was to be expected that a number of the recorded waveforms would not only capture the transmitted pulse but also an AE. In order to exclude recorded waveforms that contain an AE, which we consider as noise, a special filter was designed.
Since waveforms with AE have considerable higher signal energy, this was used as a criterion for rejection. The filter compares the energy of each waveform with the average signal energy of the previous and the subsequent waveforms, then waveforms with energy > 110% of the average energy are rejected. This algorithm was found to reliably detect the waveforms that contained AE. Signal energy is calculated as follows (Eq. 4) [12] :
where E is the energy of signal Y. Fig. 4 (a) shows the effect an AE has on the signal energy of the recorded waveforms. Its effect on the correlation coefficient is shown in Fig. 4 (b) . The waveform corresponding to Peak A is shown in Fig. 3 (red trace). 
Results and Discussion
Since the specimens had two different mixtures, we distinguished them as Group A and B. For Group A, the cylinder compressive strengths were 22.6 MPa (3280 psi) and 24.8 MPa (3600 psi), which is likely due to their difference in curing time. For Group B, the compressive strength was almost the same with one of them having 28.7 MPa (4160 psi) and the other one 29.1 MPa (4220 psi).
The relationship between the coefficient of determination and applied stress for all specimens is shown in Fig. 5 . It can be observed that R 2 shows a distinct correlation with applied stress. Also, the results of the four specimens have the same general trend. Furthermore, it can be seen that two regimes exist for R For an applied stress of less than 50% of ultimate stress, the curves show that the relationship between R 2 and applied stress is approximately linear, with R 2 decreasing from 1 to ~ 0.9. This linearity appears in the results of all specimens, as well as, there was strong matching between them although the ultimate stress of the specimens varied between 22.6 and 29.1 MPa. In the linear regime, R 2 is mostly affected by differences in the diffuse portion of the recorded waveforms. This portion is very sensitive to changes in the applied stress where it has a strong effect on the amplitude and phase shift (see Fig. 6 (b) ). The coherent portion does not show a noticeable difference (see Fig. 6 (a) ). As a result, the time of flight (TOF) of the p-wave does not show any significant difference for applied stresses below 50% of ultimate stress, as is further illustrated in Fig. 7 . This figure shows the change of TOF as a function of the applied stress.
After passing 50% of the ultimate stress, the results show a non-linear relationship between R 2 and applied stress. The R 2 declines from 0.9 to ~ 0 when the applied stress increases from 50 to 90% of ultimate stress. The results show a sharp reduction in the R 2 due to changes occurring both in the coherent as well as the diffuse portion of the waveforms. The effect on the coherent portion can be observed in Figs. 6 (a) and 7. The relationship between R 2 and applied stress is now controlled by distributed cracks, which are either matrix cracks or bond cracks that develop inside the specimen. Before 50% of ultimate stress is reached, the width and size of these micro cracks is not significant enough to affect the wave propagation velocity significantly and hence the TOF does not noticeably affect the coherent portion of the recorded waveform. However, the number and size of internal cracks increases after passing 50% of ultimate stress. This is also when micro cracks start to coalesce and form macro cracks. As a result of these growing cracks, the wave propagation paths become longer, which decreases the apparent wave propagation velocity and hence increases the TOF.
These results demonstrate the ability of the coefficient of determination, R 2 to monitor the applied stress in concrete throughout the entire stress regime. The observed phase shift in the coherent portion of the signal is likely due to the formation and growth of micro-cracks, which extends the travel path of the propagating p-wave. It is also obvious that the TOF alone is not sensitive to changes in the applied stress in the current measurement configuration below 50% of ultimate stress. 
4-CONCLUSIONS
In concrete, stress wave propagation paths are complex due to the heterogeneity and nonlinearity of the material. This affects ultrasonic wave measurements taken under applied stress in a number of ways. For this study, a two-sensor pitchcatch setup was used with one normal-wave transducer being the transmitter and the other one the receiver. It was found that the coherent (early) portion of a recorded waveform, which is typically used for ultrasonic testing, does not show any significant changes before reaching 50% of ultimate stress (see Figs. 6 (a) and 7). In contrast, the diffuse (or Coda) portion is very sensitive to small changes in the applied stress over the entire stress regime. The coefficient of determination, R and applied stress, even for applied stresses of less than 50% of ultimate stress, where the relationship was approximately linear. After passing 50% of ultimate stress, the coherent portion was also effected by the applied stress. In this stress regime, the changes in the coherent portion dominate the relationship, which is nonlinear, between R 2 and applied stress. Spontaneous acoustic emissions (AE) were detected and rejected using a signal energy filter. To conclude, comparing full waveforms rather than only the early wave arrivals allows for monitoring applied stresses in concrete over the entire stress regime. The proposed coefficient of determination, R 2 is sensitive to very small changes in the applied stress at very low stress levels.
